Abstract Liu et al. (2004) systematically analyze the parameters of shear-wave splitting before and after the 1999 Chi-Chi earthquake in Taiwan. They claim that they see no evidence for the temporal changes in shear-wave time delays, which some of us use to monitor the buildup of stress before earthquakes. In fact, the only diagram where one would expect to see the type of temporal changes observed elsewhere, figure 14a in Liu et al. (2004) , does show two types of temporal variations of time delays. Here, we fit least-squares lines to these temporal changes and show that the duration/earthquake-magnitude relationships of these various changes agree very well with those seen elsewhere. Thus, the behavior before the Chi-Chi earthquake lends further support to the use of shear-wave splitting to stress-forecast the times and magnitudes of impending earthquakes.
Introduction
As their title claims, Liu et al. (2004) , hereinafter referred to as LTBZ1, make a comprehensive systematic analysis of shear-wave splitting before and after the Chi-Chi earthquake in Taiwan. They compare records from station CHY at 200-m depth in the aftershock zone with a strongmotion instrument CHY073 on the surface immediately above CHY and deduce valuable information about the immediate subsurface values of shear-wave anisotropy. Stations CHY and CHY073 are approximately 55 km southwest of the main M w 7.6 (M s 7.7) Chi-Chi earthquake, and within 4 km of the epicenters of two M s 6.4 and M s 6.0 aftershocks. LTBZ1 measure shear-wave splitting in seismograms of earthquakes within 12 km of CHY, including 32 events in the 1000 days before, and hundreds of events in the 800 days after the M s 6 Chi-Chi aftershock.
A major claim in the title and at several places in the text is that "None of the results show systematic changes either before or after the Chi-Chi mainshock." We show that one of the diagrams of LTBZ1 does show two types of rather subtle temporal change in shear-wave time delays before the earthquake that LTBZ1 have overlooked. These changes have duration-to-earthquake-magnitude relationships very similar to those observed before earthquakes elsewhere. The analysis of LTBZ1 gives excellent results and this comment only refers to the temporal variations overlooked in their figure 14a.
Note that in their reply to this comment, Liu et al. (2005) , hereinafter referred to as LBZT2, claim that the temporal variations, as listed in Tables 1 and 2 , are "controversial," and cite Aster et al. (1990 Aster et al. ( , 1991 and Seher and Main (2004) in evidence. The comments by Aster et al. and Seher and Main are based on incorrect interpretations and have been adequately answered (Crampin et al., 1991 (Crampin et al., , 2004a .
Note that the seismic records examined by LTBZ1 show classic examples of shear-wave splitting with shear waves well separated into orthogonal polarizations on comparatively noise-free records. This appears to be because the extremely low shear-wave velocities near-surface mean that all ray paths are nearly vertical at both 200-m-deep and surface stations, thus minimizing mode conversions and other noisegenerating phenomena.
Increases of Time Delays before the
Chi-Chi Aftershock
It has been established theoretically, experimentally, and observationally that the accumulation of stress before earthquakes increases the aspect ratios of the distributions of the stress-aligned, fluid-saturated microcracks pervading most rocks in the crust (Crampin, 1999; Crampin and Chas- to day zero and from day ‫131מ‬ to day zero. (b) Preearthquake data of (a), with 95% confidence limits drawn for the longer least-squares line. tin, 2003; Gao and Crampin, 2003) . Typically, such increases in aspect ratio cause increases in the average shearwave splitting time delays in a particular range of ray path directions in the solid-angle, shear-wave window. The aspect ratios, and hence time delays, typically decrease when stress is released at the time of the earthquake. The near-vertical arriving ray paths for the Chi-Chi data appear to modify this behavior, and temporal changes are visible on all ray paths from the earthquakes. Figure 1 reproduces figure 14a of LTBZ1. We analyze the time delays for the 1000 days before the M s 6 Chi-Chi aftershock. Following procedures established in other studies of temporal changes in shear-wave splitting (Peacock et al., 1988; Crampin et al., 1990 Crampin et al., , 1991 Crampin et al., , 1999 Crampin, 1999; Volti and Crampin, 2003a,b; Crampin, 2003, 2004 , and elsewhere), we fit a least-squares line from the minimum in the time delays (approximately day ‫)206מ‬ to the time of the Chi-Chi aftershock (day zero) in figure 14a.
A duration of 602 days for a M s 7.7 earthquake is broadly compatible with the duration-magnitude relationship seen elsewhere. Figure 2 plots the duration-magnitude relationship for all available data listed in Table 1 . A least-squares line is drawn through the most reliable (solid black) data points. Note that the "questionable" values (open symbols) in Figure 2 are where: previous earthquakes disturb the following records (earthquakes 1 and 2, Table 1 ); a gap in the sequence of source earthquakes interrupts the sequence of time delays (earthquake 8); seismic stations above and away from a fault zone give different durations (earthquake 9); and minimal time-delay points are available (earthquake 10).
It is expected that the duration of the increase will vary with the rate of increase of overall stress in the particular region. Thus, the seven events (indicated by squares) in southwest Iceland (earthquakes 3 to 8), and the Chi-Chi event (earthquake 12), are all in regions of active tectonics and lie close to a rather steeper line than that drawn in the figure, indicating a more rapid accumulation of stress. Note that we have not attempted to normalize the range of different magnitude scales in Figure 2 , and this may also contribute to the scatter in Figure 2 .
Note also that the large Chi-Chi aftershocks may complicate the behavior. The day count of LTBZ1 is centered on Figure 2 . Duration-magnitude relationship for the increases in time delays (interpreted as stress accumulation) for the earthquakes listed in Table 1 . the M s 6.4 aftershock (when the aftershock sequence begins), and the pattern of behavior identified in Figure 1 , may be controlled by the Chi-Chi mainshock or by the aftershocks. If it is the aftershock, the data point for Chi-Chi in Figure 2 would lie almost exactly on the least-squares line.
We have not interpreted time delays of aftershock sequences at Chi-Chi nor anywhere else. Aftershocks are expected to be times of rapid stress adjustment and we have not been able to recognize patterns in behavior in shear-wave splitting during aftershock sequences. Although the time de- Figure 3 . Duration-magnitude relationship for the precursory decreases in time delays (interpreted as stress relaxation) for the earthquakes listed in Table 2. lays show an increase at the time of Chi-Chi aftershock, as opposed to the more usual abrupt decrease (Crampin, 1999) , the 602-day increase ends approximately at the horizontal average through the time delays of the aftershocks drawn by LTBZ1. In addition, although it is typical for earthquakes to show an abrupt drop in time delays at the earthquake onset (thought to indicate a decrease in stress), the only other earthquake with a pronounced aftershock sequence that has been analyzed is earthquake 8 in Table 1 in southwest Iceland. This also shows rapidly fluctuating behavior, which could be interpreted as an increase similar to that shown in Figure 1 . It is perhaps not surprising that the stress regimes for aftershock sequences behave differently from one-off main shocks.
Decreases of Time Delays Immediately before the
Chi-Chi Aftershock Figure 1 also shows a decrease of time delays starting at approximately day ‫.131מ‬ Again, the 131-day decrease for the M s 7.7 Chi-Chi event is broadly compatible with similar decreases observed elsewhere, where they are thought to indicate some form of stress relaxation immediately before an impending earthquake (Gao and Crampin, 2004) . Figure 3 plots the duration-magnitude relationship for decreasing time delays, for the earthquakes listed in Table 2 . The observations for Chi-Chi event (earthquake 7) are based on only four time delays in Figure 1 . It is typical of all the observations in Figure 3 that they are based on minimal data sets. However, like the increases in Figure 2 , the observations are consistent when scaled to similar durations and magnitudes (Gao and Crampin, 2004 ).
There are two major discussions in the reply (LBZT2) to these comments: a discussion of earthquake locations and an examination of clusters of similar events, implying no changes of stress.
Earthquake Locations LBZT2 plot, in their figure 2, earthquake spatial locations and identify the discussed earthquakes with the size of time delays indicated. There is no marked concentration of time delays in clusters of similar values as would be expected if values were temporally and spatially fixed. The sizes of time delays are scattered, often with widely varying values from closely grouped events. This strongly suggests that time delays vary with time in contrast to the claims of LBZT1. The interpretation of crack-induced shear-wave splitting in this comment expects such variations. Every earthquake to some extent modifies the stress and pressure regimes surrounding the event. As Crampin et al. (2004b) demonstrate, time delays are extremely sensitive to small variations in stress-field and pressure, so that the scatter in time delays in Figure 2 of LBZT2 is expected.
Earthquake Clusters
Assuming accumulating stress modifies fluid-saturated microcrack geometry, impending earthquakes occur when fracture criticality is reached and stress is released in fracturing and faulting. No systematic patterns of shear-wave behavior have yet been recognized in the complicated (we would claim deterministically chaotic) behavior during aftershock sequences. Figure 1 , this article LBZT2 examine clusters of events with similar seismograms, implying similar source locations. With one exception, all earthquakes in the four clusters discussed by LBZT2 are aftershocks and cannot give information about stress changes before the Chi-Chi earthquake. The exception is an earthquake more than 600 days before the Chi-Chi aftershock. It is before the characteristic patterns in shear-wave behavior recognized here and, we claim, and before the buildup of stress preceding Chi-Chi. Consequently, it is perhaps not surprising that the stress regime before the buildup of stress is similar to the regime after the accumulation of stress has been released. Thus, the major part of LBZT2 is irrelevant to the discussion of patterns of behavior in this comment.
(Incidentally, figure 5 of LBZT2 shows shear-wave time delays in the clusters varying over a 5-to 10-ms range. This is a comparatively large variation, approximately one tenth of the full range of time delays in figure 3 (LBZT2), and suggests that similar seismograms may not be very accurate indicators of stress stability.)
Other Issues LBZT2 write that the amplitude of the variation of time delays over 100 days before Chi-Chi has a "magnitude similar to or larger than the apparent precursory increase over 600 days associated with the line fit" in Figure 1b , that the "precursory decrease" . . . "is based on 1-3 data points" and "indicate that the line fits of Figure 1b are not statistically significant." This is not correct. When discontinuous patterns of behavior are part of a continuous time series, the isolated patterns can be treated separately (Crampin et al., 2004a) .
LBZT2 note that time delays in the uppermost 0.2 km have less variations than those below 0.2 km depth, and infer that the "line fits of Figure 1b are dominated by spatial rather than temporal variations. . . ." This inference is not correct. The smaller variations near the surface are because the minimum stress is vertical so fluid-saturated cracks tend to be horizontal (as with near-surface hydraulic fractures) and are consequently less sensitive to small changes in horizontal stress which dominate the behavior of the observed shearwave splitting below 0.2 km. The observed shear-wave splitting is controlled by the anisotropy along the whole of the ray path.
Discussions
The two least-squares lines we fit to the data in Figure  1 are easy to discount as they are based on a very few points displaying a very large scatter. The 95% confidence limits do not appear to reject the null hypothesis of no temporal change. This will always be the case when examining data from sparse data sets subject to a large scatter, typically of the order of ‫%08ע‬ about the mean. (Note that we are separately analyzing isolated patterns of behavior superimposed on longer data sets and the techniques appear to be valid. This is discussed at length by Crampin et al., 2004a.) Of the 12 earthquakes where increases in shear-wave splitting have been noted (Table 1) , only No. 11, the 1986 North Palm Springs earthquake has sufficient time-delay points (sufficient small source earthquakes) to be statistically significant (Peacock et al., 1988) .
We justify line fitting to such thin data by the overall consistency of the results. Despite the scatter, whenever there are more than two shear-wave time-delay points through which lines can be drawn, the relationships in Figures 2 and 3 are maintained. The source of the scatter is known but cannot be eliminated. It is the result of 90Њ flips in shear-wave polarizations caused by high pore-pressures in all seismically active fault zones (Crampin et al., 2004b) .
Despite these difficulties the overall results from various studies are remarkably consistent, and Crampin et al. (1999) did manage to successfully stress-forecast the time and magnitude of a M 5 earthquake in southwest Iceland in a comparatively narrow time-magnitude window. In this case, seismicity on a nearby fault also allowed the fault break to be predicted.
The reason why these subtle effects are so consistent in a highly heterogeneous Earth is not understood. The probable explanation is that the stress-aligned fluid-saturated are so closely spaced that they are critical systems (Crampin, 1999; . Consequently, the con-sistency is merely the result of the universality inherent in all critical systems.
We believe we are beginning to understand both theoretically and observationally how shear-wave splitting monitors the stress accumulation before earthquakes (Crampin, 1999; . However, the geophysics of why there should be a precursory decrease, interpreted as stress relaxation, is not yet understood.
The temporal changes displayed by the sophisticated analysis of LTBZ1 on high-quality seismic data are compatible with temporal changes observed elsewhere. They provide further confirmation that shear-wave splitting monitors the stress accumulation before earthquakes, allows times and magnitudes of impending earthquakes to be stress-forecast, and with other information allows locations to be predicted.
One of the major difficulties in analyzing shear-wave splitting is there may be rapid (anisotropic) variations with direction which, with sparse data sets, can be interpreted as either spatial or temporal variations. LTBZ1 and LBZT2 argue the case for spatial variations, whereas here and elsewhere, we argue the case for temporal variations (superimposed on spatial changes). We rest our case for temporal increases on the 12 occasions that very similar patterns of behavior have been recognized (Fig. 2) and the eight times that precursory decreases have been recognized (Fig. 3) . We suggest that the temporal variations before the Chi-Chi earthquake in the figures of LTBZ1 are a useful additional data sets for temporal changes in shear-wave splitting before earthquakes. The overall justification for seeking such variations in shear-wave splitting is that, given the assumption of pervasive distributions of stress-aligned fluid-saturated grain-boundary cracks and preferentially oriented pores in almost all in situ rocks, such changes in shear-wave splitting are what are expected in the buildup of stress before earthquakes Crampin and Zatsepin, 1997) .
